James One (MindProber Labs) is a wireless psychophysiological device comprising two sensors: one measuring electrodermal activity (EDA), the other photoplethysmography (PPG). This paper reports the validation of James One's EDA sensor by comparing its signal against a research grade polygraph. Twenty participants were instructed to perform breathing exercises to elicit the modulation of EDA and heart rate, while the physiological signal was captured simultaneously on James One and a Biopac MP36. The resulting EDA and PPG records collected from both systems were comprehensively compared. Results suggest that James One captures EDA signal with a quality comparable to a research grade equipment, this constituting a reliable means of capturing data while minimizing setup time and intrusiveness.
Introduction
Psychophysiology is a branch of science directly associated with anatomy, physiology, and psychological processes. It aims to elucidate about the structure and function of interrelated systems in the human body in response to environmental contingencies [1] . Several psychophysiological measures have been used across the state-of-the-art, including central measures (e.g., electroencephalography and functional magnetic resonance imaging) and peripheral measures, encompassing electrodermal, cardiovascular, respiratory, and facial systems. Here, we focus on the electrodermal and cardiac groups of the peripheral psychophysiological measures. In short, electrodermal activity (EDA) corresponds to the electrical conductance of the skin, dependent of variations of sweat secreted by the eccrine sweat glands. The EDA signal has two components: the tonic component (the skin conductance level, SCL) that constitutes the slower background signal oscillations; the phasic component, which correspond to stimulus-related (the skin conductance response, SCR) or stimulus-independent (the non-specific skin conductance response, NS-SCR) fast-changing oscillations of the signal [2] . EDA has been widely studied in the history of psychophysiology in a variety of different contexts, including attention, information processing, emotion, among others. Notably, such measures have been demonstrated to vary with the salience of stimuli [3] . In a similar fashion, the cardiovascular system has been 
Software
We used an in-house developed software for the real-time visualization and recording of both signals. The API permits the receiving of data frames from the plethysmography PPG and EDA signals. The software was developed using different Python libraries, running on a Raspberry Pi-3 and the Raspbian OS. The API has a graphical user interface which allows to visualize and record the signals in real-time.
Participants
Twenty college students (12 females) with an average age of 26.95 years (SD = 5.62) were recruited for this study. The goals of the experiment were carefully explained to all the participants. Participants were also informed that the participation on the study was volunteer and that they could leave the experiment at any time. None of the participants had history of neurologic and/or psychiatric disorders.
Psychophysiological Recordings
The experiment was conducted in a sound-attenuated room, equipped with a comfortable armchair. To maximize the quality of the signal, the skin of the participants was cleaned to remove excessive sweating. For this experiment, a Biopac MP36 Psychophysiological Monitoring System was used for the collection of psychophysiological measures. EDA was recorded using an SS57LA EDA lead set, which applies a constant 0.5 Volts Direct Current across two disposable Ag-AgCl skin electrodes (placed on the thenar and hypothenar eminences of the left hand) and then measures the current flowing between them. Heart rate was monitored with an TSD200 PPG transducer (attached to the index finger of the left hand), which records the blood volume pulse waveform. Both signals from the Biopac MP36 system were sampled at 500 Hz. The signal was recorded using the Biopac Student Lab system, running on a MacBook Air. The James One sensors were placed on participants' right hand. All the signals were continuously monitored throughout the experiment.
Experimental Apparatus
The experiment followed a structured fashion across participants. The recording started with a 60 s baseline acquisition, in which participants were instructed to remain calm and still and to focus on a fixation cross that was presented on a 15.6" full-HD display. After the baseline period, a short monotonic sound (0.5 s) was coupled with a visual instruction to breath-in (duration = 5 s), followed Electrodermal activity (EDA) is dependent on variations of sweat secreted by eccrine sweat glands in the hypodermis [17] and measures responses of autonomic nervous system to timely stimuli presented to the user. As presented on the Figure 1 , the EDA sensor is applied on the hand palm and the PPG sensor is preferably applied on a fingertip. Both signals from James One were sampled at 100 Hz. The state-of-the-art has demonstrated that this sampling rate enables a reliable estimation of heart rate variability (HRV) metrics [18] .
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To maximize the quality of the signal, the skin of the participants was cleaned to remove excessive sweating. For this experiment, a Biopac MP36 Psychophysiological Monitoring System was used for the collection of psychophysiological measures. EDA was recorded using an SS57LA EDA lead set, which applies a constant 0.5 Volts Direct Current across two disposable Ag-AgCl skin electrodes (placed on the thenar and hypothenar eminences of the left hand) and then measures the current flowing between them. Heart rate was monitored with an TSD200 PPG transducer (attached to the index finger of the left hand), which records the blood volume pulse waveform. Both signals from the Biopac MP36 system were sampled at 500 Hz. The signal was recorded using the Biopac Student Lab system, running on a MacBook Air. The James One sensors were placed on participants' right hand. All the signals were continuously monitored throughout the experiment. 
Experimental Apparatus
The experiment followed a structured fashion across participants. The recording started with a 60 s baseline acquisition, in which participants were instructed to remain calm and still and to focus on a fixation cross that was presented on a 15.6" full-HD display. After the baseline period, a short monotonic sound (0.5 s) was coupled with a visual instruction to breath-in (duration = 5 s), followed by a breath-out instruction (duration = 5 s) and by a resting period of 15 seconds. This sequence (breath-in-breath-out-rest) was repeated five times. The visual instructions were triggered in the data. For the purpose of this investigation, the psychophysiological signals were processed and analyzed offline as described in the following section.
Data Analysis
All the data processing was implemented with Python libraries, including bioread (for loading .acq files obtained from the biopac system), pandas and numpy (for data manipulation and general computing), scipy (for mathematical operations related with signal processing), heartpy (for the peak detection and calculation of HR metrics), ledapy (for the decomposition of the EDA signal), matplotlib and seaborn (for plotting).
Comparison of the EDA signal
The similarity between the physiological signals recorded with the different recording systems was analyzed by (1) down-sampling of the Biopac signal from 500 Hz to 100 Hz (to meet the sampling rate of James One recordings); band-pass filtering (low cutoff: 0.03 Hz; high cutoff: 1 Hz) (2) temporal alignment between the signals; (3) computation of the cross-correlation between the signals, which is typically used to compare the similarity between the two time-series. For such statistical procedures, we considered the EDA signal both in raw units (measured in microsiemens, µS) as well as the standardized units (z-Scores). To test the association between different components of the signal, a continuous decomposition analysis (CDA) [19] was performed to decompose the raw signal into tonic and phasic components. After the decomposition of the signals, the number of skin conductance responses (SCRs) was quantified. The resulting number of SCRs were statistically compared between the James One and Biopac devices.
The time-series of the signals obtained with the different sensors were statistically compared with regards to the tonic and phasic components of the signal. Nevertheless, whereas correlation quantifies the strength of a relationship between two variables are related, it does not imply that there is good agreement between the two methods [20] . Thus, for assessing the agreement between the two signals, Bland-Altman plots were generated. Such graphical representation allows to quantify the variation in the differences between methods [21] . For two methods to agree, it is recommended that 95% of the observations lie within 1.96 standard deviations from the mean difference between the signals.
Comparison of the PPG Signal
After down-sampling the Biopac signal to 100 Hz and aligning the signals from both sensors, the signals were processed using bandpass filtering using a low cutoff of 0.5 Hz and a high cutoff of 3.0 Hz. The peak detection was performed, considering the whole time-series for each subject. The default arguments were used, including: the use of interpolation of implied peak shapes for clipping parts of the signal, a minimum value to fit peaks of 40 bpm and a maximum value to fit peaks of 180 bpm. The average HR was estimated for the whole time-series. On top of this, a sensitivity analysis was implemented to assess the association between signals across different time intervals. Correlation analyses were implemented to test the association between whole time-series heart rate, as well as between temporal measures of heart-rate variability (HRV), including interbeat interval (IBI), standard deviation of RR intervals (SDNN), standard deviation of successive differences (SDSD), root mean square of successive differences (RMSSD), proportion of successive differences above 20 ms (pNN20), proportion of successive differences above 50 ms (pNN50), median absolute deviation of RR intervals (MAD). In addition, the following HRV metrics were statistically compared for the frequency domain: low-frequency HRV (LF-HRV, range: 0.05-0.15 Hz), high-frequency HRV (HF-HRV, range: 0.15-0.5 Hz), as well as the ration between high-frequency and low-frequency HRV (HF/LF HRV). Furthermore, breathing rate (BR) was also estimated from the PPG signal, as there has been shown that there is a relationship between R-R intervals and breathing rate. We can also exploit this relationship to extract breathing rate from a segment of heart rate data. Fisher r-to-z transformation was used to compute the average of correlation coefficients.
Results

Electrodermal Activity Raw, Tonic, and Phasic Components
The time-series from the raw EDA signals are plotted in Figure 2a ,b and Figure 3 . From the visual analysis of the plots, it is possible to observe that there is a considerable overlap between the two devices with regards to EDA assessment, with the exception of Subject #1, which had noisy records in both sensors. When excluding this participant from the different analyses, the average cross-correlation coefficients were: r = 0.839 for the raw signal [range: 0.501 (subject #3)-0.984 (subject #16)], r = 0.886 for the phasic signal in µS [range: 0.576 (subject #19)-0.973 (subject #3)], and r = 0.822 for the phasic signal in µS [range: 0.405 (subject #3)-0.991 (subject #6)] (Table 1, Figure 4 ). The inspection of the Bland-Altman plots allows to observe that most datapoints are within the margin 95% confidence interval for the mean of differences (Figures 7-9 ). For the raw signal, subjects #2, #3, #5, #8, #15, and #20 had the highest number of points falling outside the confidence interval-however representing less than 5% of the total number of datapoints ( Figure 7) . When considering the phasic component of EDA, it was noted that the differences were more pronounced for higher means. In fact, by comparing the Bland-Altman plots with the phasic signal ( Figure 8 ), it can be noted that, in comparison to Biopac, James One recorded higher amplitudes for subjects #10, #12, #13, #14, #16, or #18. On the opposite, Biopac recorded higher amplitudes for subjects #4, #5, #9, and #11, which produced a positive slope on the Bland-Altman analysis of this component. Finally, regarding the tonic component of the signal, it was possible to note that less datapoints fall outside of the confidence interval-in this case, most studies do not have any datapoint falling outside of this margin (Figure 9 ). Considering these results, there does not seem to be evidence of systematic differences between the devices across the EDA signal. The overlap between signals was more evident when the time-series were displayed in standardized (z-scores) units ( Figure 5 ). The visual representation of the tonic component revealed a less evident overlap between the signals recorded with the two systems, even though there were moderate to very large cross-correlations (Table 1, Figure 6 ). The inspection of the Bland-Altman plots allows to observe that most datapoints are within the margin 95% confidence interval for the mean of differences (Figures 7-9 ). For the raw signal, subjects #2, #3, #5, #8, #15, and #20 had the highest number of points falling outside the confidence interval-however representing less than 5% of the total number of datapoints (Figure 7) . When considering the phasic component of EDA, it was noted that the differences were more pronounced for higher means. In fact, by comparing the Bland-Altman plots with the phasic signal (Figure 8 ), it can be noted that, in comparison to Biopac, James One recorded higher amplitudes for subjects #10, #12, #13, #14, #16, or #18. On the opposite, Biopac recorded higher amplitudes for subjects #4, #5, #9, and #11, which produced a positive slope on the Bland-Altman analysis of this component. Finally, regarding the tonic component of the signal, it was possible to note that less datapoints fall outside of the confidence interval-in this case, most studies do not have any datapoint falling outside of this margin (Figure 9 ). Considering these results, there does not seem to be evidence of systematic differences between the devices across the EDA signal. 
Skin Conductance Responses
Regarding the quantification of SCRs (considering a threshold for detection of an SCR of 0.01 μS), it was noted that for most subjects, SCRs were similarly identified between the two devices ( Figure 10 ). Across studies, the correlation coefficient had a strong magnitude (r = 0.760) ( Figure 11 ). The Bland-Altman plot revealed that one of the points was outside the 95% confidence interval margin (Figure 11 ). Such result provides evidence for a satisfactory agreement between the sensors on the identification of SCRs. 
Regarding the quantification of SCRs (considering a threshold for detection of an SCR of 0.01 µS), it was noted that for most subjects, SCRs were similarly identified between the two devices ( Figure 10 ). Across studies, the correlation coefficient had a strong magnitude (r = 0.760) ( Figure 11 ). The Bland-Altman plot revealed that one of the points was outside the 95% confidence interval margin (Figure 11 ). Such result provides evidence for a satisfactory agreement between the sensors on the identification of SCRs. 
Photoplethysmography
The visual inspection of IBI time-series revealed that there were noisy signals for subjects #3, #5, #9, #17, #19. The grand-average for heart rate was 78.38 bpm (SD = 12.28) and 77.94 bpm (SD = 12.05) for James One and Biopac sensors, respectively. The visual inspection of the full signal demonstrates that there is a good convergence of the PPG signal between James One and Biopac (Figure 12 ). The average heart rate ranged from 59.6 (subject #8) to 100.4 bpm (subject #1) for the James One sensor and from 60.8 (subject #8) to 104.0 bpm (subject #1). The association between average HR for both signals had a large magnitude (r = 0.998), with an average difference of −0.440 bpm (SD = 0.838) and a maximum absolute deviation of 3.6 bpm (Table 2 ). However, this most pronounced difference was obtained for the subject with a noisy signal in both sensors. By excluding this participant from the analysis, the average difference decreased to −0.274 (SD = 0.340) and the correlation coefficient of the HR between devices increased to r > 0.999 ( Figure 13) . Also, the Bland-Altman plot evidenced that only one subject was outside of the 95% confidence interval of the difference between means. Figure 11 . Association between the number of skin conductance responses identified at the threshold of 0.01 microsiemens between systems. Top: Scatter plot representing the magnitude of association; on the right and top ends of the plot, the histogram of the distribution of SCRs for each sensor is displayed. Bottom: Bland-Altman plot displaying the agreement between systems.
The visual inspection of IBI time-series revealed that there were noisy signals for subjects #3, #5, #9, #17, #19. The grand-average for heart rate was 78.38 bpm (SD = 12.28) and 77.94 bpm (SD = 12.05) for James One and Biopac sensors, respectively. The visual inspection of the full signal demonstrates that there is a good convergence of the PPG signal between James One and Biopac (Figure 12 ). The average heart rate ranged from 59.6 (subject #8) to 100.4 bpm (subject #1) for the James One sensor and from 60.8 (subject #8) to 104.0 bpm (subject #1). The association between average HR for both signals had a large magnitude (r = 0.998), with an average difference of −0.440 bpm (SD = 0.838) and a maximum absolute deviation of 3.6 bpm (Table 2 ). However, this most pronounced difference was obtained for the subject with a noisy signal in both sensors. By excluding this participant from the analysis, the average difference decreased to −0.274 (SD = 0.340) and the correlation coefficient of the HR between devices increased to r > 0.999 ( Figure 13) . Also, the Bland-Altman plot evidenced that only one subject was outside of the 95% confidence interval of the difference between means. The correlations between HR/HRV metrics between the sensors are graphically represented in Figure 14 and statistically displayed in Table 3 . Across the different metrics, the association with the lowest magnitude was obtained for BR (r = 0.712, p < 0.001); furthermore, except for the HF/LF ratio (r = 0.822, p < 0.001), all the remaining metrics had correlation coefficients higher than r = 0.900. Of relevance, the association between IBI had a correlation coefficient of r = 0.999. Figure 13 . Association between the number of peaks detected for both systems. Top: Scatter plot representing the magnitude of association; on the right and top ends of the plot, the histogram of the distribution of SCRs for each sensor is displayed. Bottom: Bland-Altman plot displaying the agreement between systems. The correlations between HR/HRV metrics between the sensors are graphically represented in Figure 14 and statistically displayed in Table 3 . Across the different metrics, the association with the lowest magnitude was obtained for BR (r = 0.712, p < 0.001); furthermore, except for the HF/LF ratio (r = 0.822, p < 0.001), all the remaining metrics had correlation coefficients higher than r = 0.900. Of relevance, the association between IBI had a correlation coefficient of r = 0.999. Table 3 . Association between heart rate variability (HRV) metrics for the James One and Biopac devices. Proportion of successive differences above 20 ms (pNN20) 0.95373 9.13 × 10 −10
Metric r P
Proportion of successive differences above 50 ms (pNN50) 0.95697 5.16 × 10 −10
Root mean square of successive differences (RMSSD) 0.940546 6.51 × 10 −9 To further explore the dynamic association between the two devices with regards to the PPG signal, two complementary approaches were used: first, the similarity of PPG signal between the devices was analyzed in time-windows of 30 s; second, the distance between each HR peak was calculated to derive the time-series of the instantaneous IBI. For the first approach, we observed that the correlation coefficients between devices were very similar across intervals, with a range from r = 0.988 (3rd interval) to r = 0.992 (1st interval) ( Figure 15 ). The cross-correlation between the two time-series demonstrated strong associations between James One and Biopac, ranging from r = 0.493 (subject #8) to r = 0.998 (subject #3) (Table 4, Figure 16 ). To further explore the dynamic association between the two devices with regards to the PPG signal, two complementary approaches were used: first, the similarity of PPG signal between the devices was analyzed in time-windows of 30 s; second, the distance between each HR peak was calculated to derive the time-series of the instantaneous IBI. For the first approach, we observed that the correlation coefficients between devices were very similar across intervals, with a range from r = 0.988 (3rd interval) to r = 0.992 (1st interval) ( Figure 15 ). The cross-correlation between the two time-series demonstrated strong associations between James One and Biopac, ranging from r = 0.493 (subject #8) to r = 0.998 (subject #3) (Table 4, Figure 16 ). 
Discussion
In this work, we aimed to test the validity of the psychophysiological signals obtained with the James One device, as compared with a gold-standard system for studies within the psychophysiological field. We observed that the EDA and PPG signals measured with the James One device display strong associations with the Biopac system.
The cross-correlation coefficients indicated a strong association between the James One and Biopac systems, considering the raw signals. Furthermore, when decomposing the EDA signal into phasic and tonic components, by means of a continuous decomposition analysis, the same pattern was observed. Here, even though there seems to be a reduced overlap between the oscillations of the time-series of the tonic activity, the signals present a high degree of covariation between each other, 
The cross-correlation coefficients indicated a strong association between the James One and Biopac systems, considering the raw signals. Furthermore, when decomposing the EDA signal into phasic and tonic components, by means of a continuous decomposition analysis, the same pattern was observed. Here, even though there seems to be a reduced overlap between the oscillations of the time-series of the tonic activity, the signals present a high degree of covariation between each other, as demonstrated by the high magnitude of the cross-correlation coefficients. In addition to this, the graphic visualization of Bland-Altman plots provided evidence that James One captures the dynamics of EDA at a comparable fashion to that of Biopac-a laboratory-grade research equipment (few datapoints were outside of the 95% confidence interval for the difference between means), considering the raw and the phasic and tonic components of the signal. Furthermore, there was a strong association between the number of skin conductance responses across the devices. With regards to the PPG signal, we observed that peaks were very similarly identified in both James One and Biopac-with an almost perfect linear correlation (R 2 > 0.999). Of note, very high levels of association were preserved after a robustness analysis, in which the correlation between the number of peaks was performed in time-intervals of 30 s. Similarly, there were strong associations between metrics of HRV, including time-domain metrics (e.g., IBI, RMSSD) and frequency-domain metrics (HF, LF, and HF/LF ratio). In the case of IBI, the correspondence between signals was performed at a dynamic level, in which we observed high cross-correlation coefficients on the IBI time-series.
Of note, it is relevant to highlight that such comparable results were obtained, even though the acquisition methods were different across devices: (1) The sensors were placed on different hands (left hand for Biopac, right for James One)-which could lead to systematic differences related with laterality effects; (2) the fixation method for EDA is different between systems (the Biopac system uses metallic clamps, while James One fixates directly onto the electrodes via a metallic fast snap); and (3) while James One's EDA sensor is placed on the palm of the hand (where there is an increased density of eccrine
